We have recently reported a direct laser writing method enabling buried structures deep inside silicon. Here we study the formation of these subsurface structures. We take advantage of Nonlinearity Engineering to understand this new phenomenon.
A laser propagating in the z-axis is tightly focused to create subsurface structures inside silicon. Subsurface structures manifest themselves when the microscope image plane is located inside the wafer surface (Fig 1a) . Fig 1b shows the undamaged laser entrance surface (xy plane) of the same sample after writing. The direct-write nature of the 3D silicon scribing allows one to create a multitude of geometries. This rich space can be used to encode information inside silicon. For instance we have recently demonstrated that it is possible to store information buried deep inside a silicon wafer [5] . Further we demonstrated the first functional optical element in the bulk of a silicon wafer [6] .
The direct laser-writing technique allows us to routinely create sub-surface nanostructures with aspect ratios > 300 (Fig 1c) . The structures extend hundreds of micrometers along the laser propagation direction, while their widths remain on the order of a micrometer (Fig 1d) . This is particularly striking because in conventional nonlinear laser processing of transparent materials, the laser is focused to a spot and the modifications are quasi-one-dimensional. The observed behaviour here is analogous to filamentation effect seen in femtosecond laser material processing in transparent media.
Filamentation is based on the Kerr nonlinearity. However our experimental power levels are an order of magnitude lower than the critical power required for the onset of this effect. Moreover, assuming the slowly varying envelope approximation with paraxial propagation conditions, the solution of the scalar nonlinear Schrodinger equation (NLSE) indicates that there is no self focusing effect in our experiments. It should be noted that the Rayleigh length in the experiment is 30 μm, whereas the length of the structures are at least an order of magnitude longer than this. How can one explain this effect?
To this end, we simulated the behaviour of a Gaussian laser beam focused inside a 500 μm thick silicon wafer. The simulations were performed with the wave optics module of the Comsol package program. Comsol uses finite element methods to solve Maxwell equations. Here, we do not include any losses. We simply assume that when the intensity is above a certain threshold the material is be modified. We assume that the crystal silicon is modified to amorphous silicon with the effect of the laser. Notably, to create these structures, the laser is not directly focused inside the sample, but behind the sample. This allows a low enough intensity not to damage the surface. The laser is partially reflected from the exit surface, and a nonlinear interaction ensues as described below.
The refractive index of crystal silicon is 3.47, whereas the refractive index of amorphous silicon is 3.7. This high index difference is pointing to a possible wave guiding effect during the formation of the structures. To test this hypothesis, we placed different length amorphous silicon (SiA) strips along the laser propagation axis. First we use 50 μm SiA (Fig 2a) , then 100 μm SiA (Fig 2b) and finally a 300 μm SiA (Fig 2c) . The consecutive images are self-consistent in that the newly formed structures are guiding the light and extending the length of the structures along the laser propagation axis. This shows that the formation is due to nonlinear evolution with a wave guiding effect arising from the strong refractive index contrast between the two materials. By exploiting this effect, one can engineer different aspect ratio structures.
In conclusion, we report the first numerical simulations towards understanding sub-surface laser modification in Si. This new phenomenon is separated from the previous work in Si, in that the surface of the sample is not modified. It is shown that this effect is due to a waveguiding effect, in contrast to other transparent material processing experiments, enabling the creation of high aspect-ratio structures. We have created structure lengths ranging from 80 μm to 500 μm.
The advantage of the silicon industry has always been being able to cram more complexity in the wafer. We believe this laser-writing technology will contribute to the existing silicon fabrication capabilities and will find applications in diverse fields, such as silicon photonics, optofluidics and potentially in on-chip quantum photonics experiments. Detailed understanding of silicon laser writing is rich with nonlinear effects, and one can envisage the use of these effects in future laserwriting experiments and expand the building blocks for creating a fabrication toolbox of deep silicon engineering. We also note that in this context Nonlinearity Engineering will take a center stage.
